The effectiveness of SYTOX Green nucleic acid stain for measuring bacterial viability was tested on starved populations of Escherichia coli and Salmonella typhimurium. This stain underestimates the fraction of dead cells within starved populations containing cells with damaged nucleic acids or membranes. Its application to natural samples should be considered with caution.
Viability assessment of bacterial cells is a major requirement in several areas of microbiology from environmental research to industrial applications. Flow cytometry (FCM), used in conjunction with fluorescent viability probes, has great potential for rapid and accurate quantification of viable and dead cells (11, (13) (14) (15) . Fluorescent dyes exist as probes for different cellular functions (9, 12) . Membrane-impermeative fluorescent probes that can passively diffuse through the cell wall of a bacterium can act as an indicator of a loss in membrane integrity, which, in turn, can often act as an indicator of cell viability (3, 10) . Indeed, the loss of membrane integrity results in membrane permeabilization and thus, in the degradation of nucleic acids whose maintenance is at least essential to retain viability (4, 17, 18) . However, such degradation may occur with a delay after the loss of membrane integrity which may be dependent on both environmental conditions and species. Although DNA integrity is not sufficient to ensure viability of a cell, DNA degradation is sometimes used to quantify dead cells. However, fluorescent probes used to detect the fraction of dead cells with damaged DNA also have limitations. The use of DNA probes for assessment of DNA degradation should be considered with caution since apparent DNA damage can be misinterpreted due to changes in the coiling status of the DNA and/or in the permeability of membranes by these dyes (8) .
Recently, SYTOX Green stain (Molecular Probes Inc., Eugene, Oreg.) has been developed for bacterial viability assessment. SYTOX Green stain is a high-affinity nucleic acid stain that does not cross the membranes of live cells and yet easily penetrates cells with compromised plasma membranes. This dead-cell indicator was recently used for rapid viability assessment after exposure of cells to disinfectant (7) or antibiotics (16) . This dye was suggested as a good indicator for viability assessment (16) . In this study, we have tested the efficiency of SYTOX Green dye for flow cytometric detection of dead cells of Escherichia coli and Salmonella typhimurium within starved populations.
Strains, cultures, and starvation conditions. All experiments were conducted with E. coli ATCC 8739 and S. typhimurium ATCC 43971. Heat treatment was used as a positive control of cells with permeabilized membranes. Heat-treated cells were obtained by resuspending the cells in 1 ml of phosphate-buffered saline and placing the tube in boiling water for 10 min. To obtain starved cultures of these strains, the cells were incubated overnight in Trypticase soy broth (bioMérieux, Marcy-l'Etoile, France) at 37°C, harvested, washed twice by centrifugation at 5,000 ϫ g for 5 min in sterile MilliQ water, and resuspended in the same medium. Erlenmeyer flasks (1-liter capacity) containing 400 ml of filtered water (Milli-Q; 0.22-m-pore-size filter; Millipore) (pH 7.5) were autoclaved (120°C, 15 min), cooled, inoculated to a cell density of approximately 10 7 cells per ml, and incubated in the dark at 20 Ϯ 0.5°C with gentle stirring. Aliquots of 20 ml were collected after 0, 8, 15, 22, 32, and 46 days of starvation. Duplicate flasks were prepared for both strains.
Enumeration of total, culturable, and dead cells. Subsamples for total cell enumerations were fixed with 2% formaldehyde and then stained with SYBR Green I (SYBR-I) DNA stain (Molecular Probes) (11) . The DNA fluorescence of stationary-phase cells which contained at least one genome was used to create a region in the FL1 histogram. This procedure was used to separate damaged-DNA (DNAϪ) and undamaged-DNA (DNAϩ) subpopulations which appear during starvation. DNAϪ cells were determined by cells whose fluorescence was less than that of cells containing one genome. The lower fluorescence of DNAϪ cells can be due to (i) damaged DNA but also to (ii) changes in the DNA coiling status which can result in a lower accessibility of the dye to the target sites and/or to a lower permeability of membranes by the dye. For enumeration of culturable cells, 100-l volumes of serial dilutions (1/10) in phosphate-buffered saline were plated onto nutrient agar (bioMérieux). The proportion of culturable cells (CFUϩ) was defined as the ratio of the number of CFUϩ cells to the total number of cells determined by SYBR-I staining. For enumeration of dead cells, a stock solution of SYTOX Green stain was prepared in dimethyl sulfoxide to a final concentration of 5 mM. After optimization of the staining conditions (data not shown), the cells were stained with 1 M SYTOX Green (final concentration) for 30 min at 37°C in the dark.
FCM. Samples were analyzed with a FACSCalibur flow cytometer (Becton Dickinson) equipped with an air-cooled laser providing 15 mW at 488 nm and with the standard filter setup. Green fluorescence from stained cells was collected in the FL1 channel (530 Ϯ 15 nm). The sheath fluid was filtered water (Milli-Q; 0.22-m-pore-size filter). All parameters were collected as logarithmic signals. All bacterial analyses were performed at a low flow rate setting (12 l min Ϫ1 ), and acquisition was done over 1 min. The calibrated flow rate was controlled daily by measuring the volume before and after analysis. Samples were run such that the event rate was below 800 to 1,000 events s Ϫ1 to avoid coincidence. All samples were analyzed immediately after staining. Yellow-green fluorescent 0.94-mdiameter microspheres (Polysciences Inc., Warrington, Pa.) were added to each sample as an internal fluorescence standard. Data were plotted as histograms showing the fluorescence distribution. Triplicate counts were made for each procedure.
Effect of heat treatment on the fluorescence distribution of SYTOX Green-stained cells. The fluorescence signal from living cells was brighter than that obtained from SYTOX Green stain alone without bacteria (data not shown). When SYTOX Green was applied to live cells, surface binding of dye resulted in a weak but detectable fluorescence emission (Fig. 1a and c) . A marked enhancement of SYTOX Green fluorescence was observed for heat-treated cells (Fig. 1b and d) .
Application of SYTOX Green to starved cells. The viability of E. coli and S. typhimurium cells was monitored during prolonged starvation in sterile water (Table 1) . After inoculation, the percentages of viable and culturable cells (CFUϩ) fell rapidly and were lower than 6% (E. coli) and 0.1% (S. typhimurium) after 46 days of starvation. As expected, this reduction in viable counts was matched by a concomitant increase in the number of dead cells as determined by SYTOX Green staining. Surprisingly, this increase was followed by a decrease in the number of dead cells. At the same time, we observed a shift in the fluorescence of a significant fraction of heat-permeabilized cells stained with SYTOX Green. At the onset of starvation, the large difference in fluorescence emission intensities between intact (live) and permeabilized (heat-treated) cells stained with SYTOX Green facilitates discrimination of both populations (Fig. 2a) . This difference decreased during starvation since the fluorescence of permeabilized cells gradually decreased in brightness, resulting in an increasing overlap with the fluorescence distribution of live cells (Fig. 2b) . This result suggests a decrease in the apparent DNA content of the cells. Similar trends were recorded for E. coli.
Changes in the nucleic acid content of starved cells. To better understand this decrease in the number of dead cells as determined by SYTOX Green staining, we analyzed the temporal evolution of the nucleic acid content of starved cells by staining the cells with SYBR-I nucleic acid dye. The degradation of nucleic acids is sometimes considered an alternative method for assessing the death of bacterial cells (5, 17) . FCM analysis of the nucleic acid content of SYBR-I-stained cells revealed important changes in the course of starvation (Fig. 3) . These changes may be mainly influenced by changes in the DNA content of the cells since the RNA content of starved cells may be very low (1, 2) and SYBR-I has a higher binding affinity for DNA than for RNA (11) . After inoculation, stationary-phase cells exhibited a typical bimodal DNA distribution corresponding to cells containing one or two genomes (8) (Fig. 3a) . After continued starvation, a subpopulation of cells emitting a lower fluorescence intensity that corresponded to cells with a lower apparent DNA content (DNAϪ cells) appeared. After 46 days of starvation, this subpopulation of cells with an apparent damaged DNA content represented up to 73.5 and 93.1% of total counts of E. coli and S. typhimurium populations, respectively (Table 1) . At all sampling times, the sums of the viable (CFUϩ) and dead (DNAϪ and SYTOX Green-stained) cells were always less than 100%, but the results were much more coherent when dead cells were considered as the fraction of DNAϪ cells. The noncomplementarity at a given sampling time between both live and dead cell counts may be explained by the fact that the apparent degradation of DNA may occur after the loss of membrane integrity and, thus, with a certain time lag after the loss of culturability. This result is congruous with those of other reports (4, 17). As stated above, this apparent DNA degradation can be due to DNA degradation but can also be due to changes in the coiling status of DNA. Since an increasing fraction of heat-permeabilized cells also has a lower fluorescence intensity after SYTOX Green staining, changes in membrane permeability cannot explain this increasing fraction of DNAϪ cells. It is also interesting that this decrease in the fluorescence signal was not gradual but corresponded to a rapid shift from one well-characterized state to another. This DNAϪ state was not reversible when the cells were subjected to a 24-h resuscitation step by adding 1% Trypticase soy broth to the flask after 46 days of starvation (data not shown). Although the resuscitation conditions (time and type of nutrients) were perhaps not the most appropriate, the results suggest that DNAϪ cells were not viable cells. Inversely, DNAϩ cells were responsive to this nutrient supply after 8 h of incubation with the nutrients. Limitations of SYTOX Green staining for viability assessment. SYTOX Green and SYBR-I are nucleic acid stains with a high binding affinity for DNA. SYBR-I readily penetrates fixed cells even without membrane permeabilization, while SYTOX Green penetrates cells with permeabilized membranes. If we assume that the apparent DNA degradation occurs after the loss of membrane integrity, cells with compromised membranes may contain intact or damaged nucleic acids. The fraction of DNAϪ cells with a low fluorescence emission after SYBR-I staining, corresponding to cells with damaged DNA, increased with starvation time. Such cells have compromised membranes and should be stained with SYTOX Green. However, DNA degradation and/or changes in the topology of the molecule result in a shift of the fluorescence emission of SYTOX Green-stained cells which overlaps with the weak fluorescence emission of living cells (16) . Thus, the weak fluorescence of these cells after SYTOX Green staining may correspond either to permeabilized cells with damaged nucleic acids or to living cells. Such dead cells with a low fluorescence, whose fraction increases during starvation, are counted as live cells since they appear in a fluorescence region corresponding to that of live cells initially defined with stationary-phase cells. This is why the number of dead cells, as determined by SYTOX Green staining, decreases during starvation. Consequently, the percentage of dead cells recorded after SYTOX Green staining corresponds only to the fraction of cells with permeabilized membranes and an as-yet-undegraded and/or topologically modified nucleic acid content.
Recently, it was suggested that SYTOX Green stain is an effective alternative to conventional methods for measuring bacterial viability and antibiotic susceptibility (16) . Our results suggest that the use of SYTOX Green stain for detection and evaluation of viability in bacteria should be considered with caution and restricted to specific applications such as the analysis of antibiotic susceptibility of bacteria with undamaged nucleic acids. Although the physiology of many bacteria is unknown today, the normal state for most copiotrophic bacteria in the aquatic environment is the starvation mode (6). Recently, it was suggested that the percentage of nucleoidcontaining cells within oligotrophic marine communities may be low and often lower than 50% (5, 18) . Thus, the application of SYTOX Green to determine the fraction of dead cells in the natural environment may be of limited use. When SYTOX Green staining was applied to marine coastal waters from the Mediterranean Sea, it was not possible to discriminate live from dead populations (data not shown).
Concluding remarks. The results presented here suggest that the use of viability dyes such as SYTOX Green stain which target molecules or sites which are degraded and/or modified during the starvation process may underestimate the fraction of dead cells, mainly when discrimination between labeled cells and background signals is problematic. The use of such dyes to investigate the viability of cells within natural and complex communities should be considered with caution. European Community. The FACSCalibur flow cytometer was funded by CNRS-INSU-SDV and by contract ELOISE PL950439.
